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2
As polluted discharges from abandoned mines often occur in or near the large conurbations to 22 which the former mining activities gave rise, there is ample scope for such co-treatment in many 23 places worldwide. The first full-scale co-treatment wetland anywhere in the world receiving 24 large inflows of both partially-treated sewage (~100 L.s -1 ) and mine water (~300 L.s -1 ) was 25 commissioned in Gateshead, England in 2005, and a performance evaluation has now been 26 made. The evaluation is based entirely on routinely-collected water quality data, which the 27 operators gather in fulfillment of their regulatory obligations. The principal parameters of 28 concern in the sewage effluent are suspended solids, BOD 5 , ammoniacal nitrogen (NH 4 -N) and 29 phosphate (P); in the mine water the only parameter of particular concern is total iron (Fe) . 30
Aerobic treatment processes are appropriate for removal of BOD 5 , NH 4 -N and Fe; for the 31 removal of P, reaction with iron to form ferric phosphate solids is a likely pathway. With these 32 considerations in mind, the treatment wetland was designed as a surface-flow aerobic system. 33
Sample concentration level and daily flow rate date from April 2007 until March 2011 have been 34 analyzed using nonparametric statistical methods. This has revealed sustained, high rates of 35 absolute removal of all pollutants from the combined wastewater flow, quantified in terms of 36 differences between influent and effluent loadings (i.e. mass per unit time). In terms of annual 37 mass retention rates, for instance, the wetland system sequesters the following percentages of the 38 5 treatment options for mine water and sewage, including activated sludge techniques (Hughes and 91 Gray 2012, 2013) , and anaerobic digestion (Deng and Lin 2013) . Conceptually similar 92 investigations have included field trials of addition of sewage to acidic mine pit lake water 93 (McCullough et al. 2008) . In the meantime, full-scale co-treatment of mine water and sewage 94 has now been undertaken at the Lamesley site in the UK for more than 7 years. This paper 95 presents a first analysis of how this, the first full-scale mine water / sewage co-treatment 96 constructed wetland system in the world, has performed, drawing lessons for further applications 97 of this environmental technology elsewhere in the world. 98 99 2. Study system: Lamesley Co-Treatment Wetland System, UK 100
101
The hamlet of Lamesley is located on the edge of the Tyneside conurbation, at Gateshead, in 102 north-eastern England (Latitude 54°54'19.3"N, Longitude 1°35'57.8"W) . The site itself is in a 103 low-lying valley floor area, underlain by more than 150m of laminated glacio-lacustrine clays of 104 Quaternary age. Beneath the adjoining valley flanks, however, multiple seams of coal occur 105 (Mills and Holliday 1998) . , and these have been extensively mined by surface and underground 106 methods since the late 16th Century, with the last deep mines closing in the 1960s and the last 107 opencast site closing in the 1990s Since the last mines closed, pumping has been maintained 108 from one of the deep mine shafts of Kibblesworth Colliery, in order to prevent uncontrolled 109 flooding of mine-workings in the densely populated urban area of Gateshead, which would be 110 highly likely to lead to multiple uncontrolled mine water discharges and elevated rates of 111 hazardous mine gas emissions posing a risk to health and safety (Younger 1998 At around the same time, increasingly stringent national guidelines on effluent limit 125 concentrations for sewage works were beginning to bite. This resulted in pressure being put on 126 the operators of a municipal sewage works at Lamesley to enhance the existing primary and 127 secondary treatment steps to achieve lower concentrations of BOD 5 , NH 4 -N and suspended 128 solids in the final effluent. Although not a statutory requirement in this case, the sewage works 129 operators were also keen to achieve lower P concentrations in their final effluent, in anticipation and the sewage works that they might benefit from jointly treating the effluents for which they 135 were separately responsible. The possibility that co-treatment of their effluents using a combined7 wetland system was attractive on the grounds of the low energy requirement compared to other 137 options, and the possibility that it could have ancillary benefits in enhancing avian habitats in this 138 peri-urban area. Accordingly, a proof-of-concept study was undertaken in the summer of 2003, 139 with construction of a small (625m 2 ) pilot wetland system, which was then monitored for four 140 months. This pilot system received only about one percent of the combined sewage and mine 141 water flows (which were mixed in the 1:3 proportion which would result from mixing the entire 142 average flows at full-scale). The results of that brief period of testing were very encouraging 143 The data demonstrate sustained, high rates of absolute removal of all pollutants from the 227 combined mine water / sewage flow. Average flow-weighted concentrations for key pollutants 228 are given in Table 1 , for raw mine water, raw sewage, and final effluent flow. The table also  229 provides the expected concentrations of key pollutants in the effluent flow if there had been no 230 retention within the wetlands. Performance can also be quantified in terms of differences 231 between influent and effluent loadings (i.e. mass per unit time). In terms of annual mass retention 232 rates, for instance, the wetland system retains the following percentages of the key pollutants: Fe 233 89%; BOD 5 : 41%; NH 4 -N: 66%; dissolved ortho-phosphate as P: 59%; total P: 46%; suspended 234 solids: 66%. 235 236 For all variables there was strong evidence of outflow concentration being significantly reduced 237 compared to inflows, after allowance for dilution. Wald (Z) test statistics for no change (C=0) 238 were -6.93, -13.15, -9.27, -6.55, -4.16 and -6.43 for BOD 5 , iron, NH 4 -N, P-dissolved, P-total and 239 suspended solids respectively. All p-values for these tests were less than 0.00001. There was no 240 evidence of seasonal effects, but there were small but highly statistically significant reductions in 241 concentration from the north outlet compared with south for iron (D=0.52mg.L-1, Z=7.81) and 242 suspended solids (D=2.96mg.L-1, Z=5,74). There was no difference between outlets for any of 243 the other variables. This is suggestive of occasional remobilisation of ochreous sediment within 244 ponds B, especially in the final months of 2010, which are believed to relate to a period of minor 245 maintenance works on one of the pond margins. 246 247
Discussion 248 249
The dynamics of pollutant removal are such that highly variant inflow concentrations are not 250 only lowered but also substantially dampened in amplitude. All differences are highly 251 12 statistically significant (p<0.001). Figures 2 through 5 illustrate this smoothing effect, for BOD 5 , 252 iron, total phosphorus and suspended solids. In particular, high and variable BOD 5 in the 253 secondary sewage effluent entering the wetlands is consistently lowered and substantially 254 damped in variability in both outfalls (Figure 2) . With regard to iron, concentrations are high but 255 variable in the mine water and generally lower (but occasionally elevated) in the secondary 256 sewage effluent (Figure 3 ), whereas outflow concentrations at both outfalls are markedly lower, 257 albeit those at Outfall no. 2 (north) are consistently higher than those at Outfall no. 1, 258 presumably reflecting the rather lower total wetland areas encountered along treatment streams 259
A-B and C-D that lead to outfall 2 (see Figure 1 ), compared to those in streams E-F-J and G-H-J 260 that lead to outfall 1. With regard to total phosphorous concentrations (Figure 4) , the decrease in 261 concentration between the secondary sewage effluent and both outfalls is dramatic. Similar 262 patterns emerge for dissolved phosphorus (not shown). As would be expected for an iron-rich 263 water, the phosphorous concentrations in the mine water are consistently low, and comparable to 264 those at the final outfalls. Ammoniacal nitrogen displays similar patterns to phosphorous (not 265 shown). Suspended solids is the one parameter which is high in both the mine water and 266 secondary sewage effluent, but again the outfalls from the wetlands are substantially subdued 267 (though as for iron, the smaller treatment area leading to outfall 2 is reflected in higher peaks). 268
269
The lack of seasonal variation is rather surprising in a system in which nutrient removal is 270 presumably biologically mediated. Two possible explanations are suggested. Firstly, the steady 271 temperature of the mine water (it is a constant 15.8 o C all year round) offers a considerable buffer 272 against cold winter temperatures. Secondly, although the concentrations of key pollutants are 273 high enough to cause regulatory concern, they end up at the lower end of the typical 274 13 concentration ranges found in wetlands, and are therefore subject to load-limiting effects on 275 pollutant removal, so that even seasonally depressed biological processes are still sufficient to 276 achieve quantitative pollutant removal. 277
278
As the co-treatment of mine water and sewage is generally going to be of interest to separate 279 "problem-owners", it is appropriate to examine pollutant removal performance from the distinct 280 perspectives of the sewage works manager and the mine pump operator. A further perspective is 281 that of the regulator: the old adage "dilution is the solution to pollution" has long-since been 282 ruled inadmissible in most jurisdictions, with absolute reductions of pollutant loadings being 283 required. As we have already seen, the co-treatment wetland system meets this requirement 284 comfortably. Nevertheless, as actual emissions limits are expressed in terms of concentrations 285 rather than loadings, it is of interest from the regulatory perspective to assess how much of the 286 decrease in concentrations from sewage to river, or from mine water to river, is ascribable simply 287 to the mutual dilution of sewage and mine water. This is also what the sewage works manager 288 and the mine pump operator would each like to know from their own perspectives. Table 1  289 provides the information. As would be anticipated from the loadings figures, removal rates 290 significantly exceed those simply ascribable to dilution for all pollutants, amounting to the 291 following percentage declines in concentration in excess of those expected from dilution alone: 292
• For pollutants in the mine water: iron 66%; suspended solids 61%. 293
• For pollutants in the sewage: BOD 5 23%; NH 4 -N 40%; dissolved ortho-phosphate (as P) 294 21%; total P 17%; suspended solids 81%. sewage. In that case ionic strength was also high, but in addition the mine water was initially 309 very acidic, and this is known to be deleterious to pathogens (Winfrey et al. 2010) , and thus 310 possibly to other bacteria too. However, as previously noted, the mine waters treated at Lamesley 311 are of neutral pH. On the basis of the removal rates reported here, there is no reason to suspect 312 major inhibition of nitrifying or denitrifying bacteria by the relatively high ionic strength, which 313 suggests that the effects observed by Strosnider et al. (2011b) might be more attributable to 314 bacteria mortality during mixing with acidic waters. 315
316
Design of treatment wetlands is most frequently based on areally-normalized pollutant removal 317 rates, typically expressed as the mass or pollutant removed from the water per unit wetland 318 surface area per day. Substantial discussion has taken place over the suitability of this approach, 319 not least as it implicitly assumes "zeroth-order" reaction kinetics, whereas in reality the 320 responsible processes may well be first-order or higher-order reactions (Tarutis et al. 1999) iron removal rate is somewhat lower than those previously reported for aerobic wetlands treating 336 mine water alone, however, probably reflecting the low final iron concentrations (< 0.5 mg·L -1 ), 337 which effectively makes these wetlands "load limited" with respect to iron in terms of the criteria 338 for wetland performance assessment outlined by Hedin et al. (1994) . It is concluded that co-339 treatment of sewage and mine water using wetlands is beneficial, especially in terms of sewage 340 treatment, wherever the two wastewaters occur in reasonable proximity. 
